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Abstract
Objectives The aim of the present review was to analyze the
impact of the hydrodynamic effects created by powered
toothbrushes on biofilm removal in vitro.
Materials and methods A MEDLINE search was performed
for publications published by 20 May 2012; this search was
complemented by a manual search. The study selection, data
preparation, and validity assessment were conducted by two
reviewers.
Results Sixteen studies were included. The studies differed
with respect to the methods of biofilm formation and brush-
ing protocols. Eighteen different powered toothbrush mod-
els were evaluated. Toothbrushes with side-to-side action
demonstrated biofilm removal without direct bristle contact
to biofilms ranging from 38 to 99 %. Most studies found
biofilm removal exceeding 50 %. Biofilm reduction using
multidimensional toothbrushes was significantly lower than
by those with the side-to-side mode. Detachment forces due
to hydrodynamic phenomena, passing air–liquid interfaces,
and acoustic energy transfer were suggested to cause reduc-
tion of the biofilm.
Conclusion Noncontact biofilm reduction was obtained
by the hydrodynamic effects of some powered toothbrushes
in vitro.
Clinical relevance Powered toothbrushes may have the
potential to simplify self-performed oral hygiene. Howev-
er, additional beneficial effects of higher amounts of
noncontact biofilm removal in vitro have not been shown
clinically, yet.
Keywords Powered toothbrush . Biofilm . Hydrodynamic
effect . Oral hygiene . Preventive dentistry
Introduction
Periodontitis is a multifactorial disease caused by infection
with pathogenic bacteria organized in a biofilm. A biofilm is
a complex microbial structure on a solid wet surface protect-
ing the microorganisms from the host’s immune system and
therapeutic measures, including mouth rinsing with antisep-
tics or antibiotics. Mechanical means are likely to be more
predictable in biofilm removal but may still leave biofilm
behind [1].
Removal of the supra- and subgingival biofilm is, there-
fore, a main concern of both preventive and therapeutic
measures. Optimal oral hygiene performed by the patient
is an important goal of periodontal therapy to establish
periodontal health in the long term [2].
A major problem related to self-performed oral hygiene is
the cleaning of the interdental areas [3]. While different
methods exist, including sticks, dental floss, and interdental
brushes, the use of interdental brushes seems currently to be
the most efficient method [4–9]. Noncompliance with inter-
dental hygiene measures, however, is a key problem in self-
performed oral hygiene [10]. Inadequate compliance in turn
is associated with progression of periodontal diseases
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[11–13]. Time spent on oral hygiene as well as the use of
interdental brushes were negatively correlated with further
tooth loss in treated periodontitis patients [14].
Powered toothbrushes have been developed to improve
and facilitate oral hygiene [15, 16]. Various toothbrush
modes of action, including multidimensional and side-to-
side action, exist and were classified in two recent system-
atic Cochrane reviews [17, 18].
Bristle motion at a high frequency may generate
turbulent fluid flows in the oral cavity. The fluid flow
causes hydrodynamic forces in terms of wall shear
forces acting parallel to a surface [19, 20]. The amount
of entrained air bubbles correlates with increasing fluid
motions. The passage of air bubbles along a substratum
creates thermodynamic surface tension forces and turbu-
lent flow depending on the gas fraction, the velocity,
and the diameter of the bubbles entrained [21–24]. The
vibration of toothbrush bristles may further enable en-
ergy transfer in terms of sound pressure waves [25]. In
addition, the acoustic energy is thought to increase
shear forces due to an oscillation of entrapped air bub-
bles [26]. The interaction of these effects created by
powered toothbrushes is suggested to remove biofilms
without bristle contact [27].
The aim of the present review was to evaluate the current
evidence regarding the efficacy of powered toothbrushes in
noncontact biofilm removal in in vitro studies.
Methods
Outcome variables
The primary outcome variable was the quantification of
biofilm removal following application of a powered
toothbrush without contact to the surface, i.e., to the
biofilm, in vitro. The secondary outcome variables con-
sidered the viability of biofilm-associated bacteria and
hydrodynamic phenomena occurring during noncontact
application.
Literature search
A MEDLINE search (PubMed) of resources published prior
to 20 May 2012 was conducted using the validated key-
words “powered” and “toothbrush” or “powered” and
“toothbrushes” or “electric” and “toothbrush” or “electric”
and “toothbrushes” or “sonic” and “toothbrush” or “sonic”
and “toothbrushes” or “ultrasonic” and “toothbrush” or “ul-
trasonic” and “toothbrushes.” Further databases beside
MEDLINE were not reviewed. Any relevant work pub-
lished in the English language and presenting pertinent
information about the described outcome variables was
considered for inclusion in the review. Moreover, the refer-
ences of studies examined for inclusion were thoroughly
analyzed searching for further studies. However, there may
be other evidence but for convenience the search was lim-
ited to English publications and the grey literature was not
actively searched.
Validity assessment
One reviewer (J. S.) screened the abstracts of the search
results for compliance with the inclusion criteria. The full
texts of studies with questionable potential for inclusion
after the abstracts were read were further analyzed. A sec-
ond reviewer (C. W.) reconsidered included studies as well
as exclusions. Disagreements were clarified by discussion
between the two reviewers.
Results
Study characteristics
The combinations of the search terms resulted in a list of
403 titles. Abstracts were first screened to identify possible
relevant publications. Of these 403 initial titles, 382 were
excluded following evaluation of the abstracts. The causes
of exclusion were as follows:
& Review articles (72 publications),
& Clinical studies (254 publications),
& Animal studies (five publications),
& Comments (five puplications),
& Case reports (three publications),
& In vitro studies without data on noncontact biofilm
removal (43 publications).
Full-text analysis was performed on the remaining 21
publications [15, 22, 25, 26, 28–44]. Twelve publications
were further excluded for the following reasons:
& No noncontact brushing [32]
& Use of nonmicrobial substitute for biofilm [29, 31, 33,
36, 38]
& Use of planktonic bacteria [34, 35]
& No quantification of biofilm removal [30]
& No powered toothbrushes [22, 26]
& Review article [15]
Finally, a total of nine articles from the electronic search
of the MEDLINE database were included [25, 28, 37,
39–44]. Seven additional publications were identified by
screening the references of the studies evaluated for inclu-
sion [27, 45–50] (Fig. 1). Finally, 16 studies were integrated
in the present review.
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Analysis of the included studies
Microbial aspects and biofilm formation
Substratum Synthetics and substrates derived from animals
or humans were utilized for bacterial adhesion and biofilm
formation. Titan [45], glass and quartz [25, 27, 44, 46, 49],
hydroxyapatite [28, 40–43, 47], bovine enamel sections
[48], and human enamel sections from noncarious molars
[37, 39] were used in the experiments (Table 1).
Bacteria The biofilm formation was conducted in vitro [25,
27, 28, 44, 46, 48, 49], in vivo [37, 39] and ex vivo [40–43,
47]. Whereas the identity of bacteria and their applied con-
centrations in in vitro biofilms were known, these parame-
ters were not precisely defined in in vivo and ex vivo
biofilms.
In vitro studies primarily formed monospecies biofilms
using different Streptococcus mutans strains (Ingbritt, UA
159, ATCC 700610, OSP 236, and NS) [27, 28, 44, 48, 50].
The bacteria used in monospecies biofilms were Porphyr-
omonas gingivalis (ATCC 33277), Actinomyces naeslundii
(T14V), Streptococcus oralis (J22), Lactobacillus acidophi-
lus (DSP 211), Streptococcus salivarius (DSP 248), and
Veillonella alcalescens (DSP 203) [48].
In vitro dual-species biofilms were created by sequential
inoculation of A. naeslundii (T14V) and S. oralis (J22) or A.
naeslundii (T14V) and Streptococcus sanguis (PK 1889)
[25, 46, 49].
Additionally, multispecies biofilms were formed, using
human whole saliva as the inoculum [40–43, 47] in an ex
vivo model. Saliva samples were collected from 10 healthy
volunteers.
In contrast, Stanford et al. used biofilms formed in vivo
[37, 39]. All biofilm samples were obtained from two pro-
bands who continuously wore a palatal prosthesis with fixed
enamel sections overnight.
Model biofilm system The (acquired) pellicle is impor-
tant for in vitro and ex vivo biofilms. The use of
pooled human saliva is documented [25, 46, 49]. Hu-
man saliva was collected from ten healthy volunteers
and incubated with the substratum for 16 h. Addition-
ally, saliva was supplementally added to the circulating
bacterial suspension.
The simultaneous flow of saliva and inoculum is de-
scribed by Hope et al. [40–43]. Briefly, the flow of human
saliva containing oral bacteria started concurrently with
artificial saliva and was continued for 8 days. Artificial
saliva consisted of hog gastric mucin without urea. Another
type of artificial saliva used for pellicle formation comprised
sterile 2.5 % bovine mucin [28, 48] and 10 % fetal calf
serum [45]. The incubation periods lasted 0.5, 12, and 1 h. A
few studies failed to include pellicle formation in their
biofilm model [27, 44].
In vitro and ex vivo model biofilm systems may be
differentiated into static and dynamic systems. Static bio-
films were established in multiwell plates. Exclusively,
monospecies biofilms were developed [45, 48]. Incubation
periods varied from 1 to 48 h. Dynamic biofilm systems
imitate the flow rate and shear forces caused by the dynamic
flow of saliva in the oral cavity.
Potentially pertinent studies 
received from electronic search
(n=403)
Potentially pertinent full texts 
selected for detailed analysis 
(n=21)
Studies included based on the 
MEDLINE database search
(n=9)
Studies included in the present review
(n=16)
Studies excluded based on
abstract evaluation (n=382)
Studies included based on the
manual search (n=7)
Studies excluded based on 
full text analysis (n=12)
Fig. 1 Selection process of the
studies included
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The formation of multispecies biofilms was performed by
means of dynamic systems; the apparatus selected varied
from study to study. These included the parallel-plate flow
chamber [25, 46, 49], the drip-flow system [27, 44], and the
constant-depth film fermenter [40–43, 47]. These devices
allow the continuous flow of a bacterial suspension and a
nutrient medium. The duration of biofilm formation varied
from 3 h to 8 days.
Brushing protocols
Toothbrushes Wu-Yuan et al. were the first to analyze the
influence of a toothbrush with side-to-side action on biofilm
reduction by noncontact brushing [45]. Side-to-side tooth-
brushes were either solely tested [39, 42, 44–46, 48] or
compared with powered toothbrushes presenting other
modes of action. Comparison with multidimensional tooth-
brushes was predominant [25, 27, 28, 40, 41, 43, 47, 49,
50]. Stanford et al. investigated a counter oscillation and a
side-to-side toothbrush [37]. The most extensive study of
powered toothbrushes in terms of different modes was
performed by Buscher et al. [25]. The efficacy of a
toothbrush with ultrasonic action in comparison to a
side-to-side and a multidimensional toothbrush was also
studied [28] (Table 2).
Toothbrush apparatus The angle of the toothbrush bristles
toward the biofilm was 90° in most studies. The bristles
were not in contact with any solid surface [25, 28, 37, 39,
44, 46, 48, 49]. Apart from the orientation of the bristles,
there was additional movement of the toothbrush in some
studies [27, 46, 49].
In addition, an interproximal model was developed to
simulate the exposure of interproximal biofilm to powered
brushing from the buccal surface [27, 40–43, 47]. The
bristles were in direct contact with an artificial tooth surface.
Hope et al. quantified the vertical and horizontal load of the
bristles to be 62±5 g for the side-to-side toothbrushes in
accordance to the manufacturers’ recommendations. The hor-
izontal load of the multidimensional toothbrushes amounted
to 150±10 g, while the vertical load was minimal [40–43].
The angle of the toothbrush head to teeth was 45° and 40° for
side-to-side toothbrushes and 90° for multidimensional tooth-
brushes, respectively.
Medium The analysis of biofilm removal by hydrodynamic
phenomena requires a liquid in which to immerse the tooth-
brush bristles and to imitate the mix of saliva, water, and
toothpaste in the oral cavity.
For this purpose, phosphate-buffered saline solution [37,
40–43], phosphate-buffered saline solution supplemented
with artificial saliva (i.e., hog gastric mucin) [37, 40–43],
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nanopure water [44], diluted saliva substitute [47], and a
dentifrice slurry consisting of 17 % toothpaste in distilled
water [28] were employed.
Despite the different liquid volumes, the toothbrush bris-
tles were always partially immersed. In addition, biofilm
removal was studied using a wetted substratum and a wetted
toothbrush [46, 49].
Exposure time and distance To evaluate the influence of
varying times and distances on biofilm removal by
noncontact brushing, exposure time and distance were
analyzed. Alteration of the distance along with a con-
stant exposure time elucidated the influence of different
distances on biofilm removal. The distances varied from
0 to 6 mm with an exposure time of 15 or 20 s [25, 44,
46, 49].
A few studies analyzed the alteration of both param-
eters to assess the impact of exposure time as well as of
distance [37, 39]. Some studies, however, did not ana-
lyze either exposure time or distance [27, 28, 40–43,
47]. The distance between bristles and biofilm was not
uniform because of the interproximal model [27, 40–43,
47]. The mean separation between bristles and biofilm
was 2.65 mm. The exposure time of 5 s was arrived at
by considering the average time of brushing in relation
to the number of teeth [27, 28, 40–43]. Furthermore, an
exposure time of 15 s was used [27, 42, 47].
Results
Toothbrush efficacy: biofilm removal Biofilm removal was
quantified by microscopic analyses, including the use of a
confocal laser scanning microscope combined with live/
dead staining [25, 27, 44], a scanning electron microscope
[45], a phase-contrast microscope connected to a charge-
coupled device (CCD) camera [46, 49], and a fluorescence
microscope [45]. The quantification of biofilm removal was
further determined by viable count procedures [37, 40–43,
47], by means of a viable biomass assay combined with the
measurement of optical densities [48], and by normalized
pixel values on photographs [28] (Table 2).
The included studies consistently reported biofilm reduc-
tion by noncontact brushing of tested side-to-side, multidi-
mensional and ultrasonic toothbrushes [25, 27, 28, 37,
39–50]. Side-to-side toothbrushes yielded significantly
more biofilm removal than multidimensional brushes
[27, 40, 41, 43, 47, 49, 50]. Biofilms were not reduced by
counter oscillation toothbrushing [37].
Considering that a distance of 2 mm and an exposure
time of 15 to 20 s were the most commonly parameters for
examining side-to-side toothbrushes, there was a wide
range, i.e., from 38 to 99 %, in the percentage of biofilm
removed. Most studies, however, found >50 % biofilm
removal by side-to-side toothbrushes [25, 46, 49, 50]. In
contrast, biofilm reduction by multidimensional tooth-
brushes was frequently <50 % [49, 50]. The percentage of
biofilm removal at a 2-mm distance and after 5 s of exposure
was reported as 74 [45] and 65 % [37] by side-to-side
action. Regarding the efficacy of side-to-side brushes in
interproximal models with a mean distance of approximate-
ly 2 mm and an exposure time of 5 s, there was biofilm
removal of 32 [40, 43], 48 [41], and 74 % [42]. In contrast,
multidimensional toothbrushes achieved a biofilm reduction
of 9 [40], 15 [43], and 16 % [41] using the same interprox-
imal model.
Some studies analyzed the influence of different expo-
sure times on biofilm reduction by side-to-side toothbrushes
[37, 39, 48]. At distances of 0, 1, and 2 mm, there was no
significant influence of exposure time (ranging from 5 to
30 s). The majority of bacteria were removed within the first
5 s of exposure. At a distance of ≥3 mm, however, expo-
sures longer than 5 s had significantly greater effects [37,
39]. Brambilla et al. confirmed reduced biofilm removal at
7 mm after 5 s compared with exposures of 15 and 30 s [48].
Concerning the distance between toothbrush bristles and
the biofilm, increasing distances almost invariably resulted
in decreased biofilm removal by side-to-side and multidi-
mensional toothbrushes [25, 27, 37, 44, 46, 49]. Neverthe-
less, biofilm removal at a 4-mm distance and after 15 to 20 s
fluctuated around 60 % by side-to-side action in most stud-
ies [27, 46, 49]. Biofilm removal was also found at a
distance of 6 mm [27, 46]. In contrast, Busscher et al.
observed expansion of the biofilm after noncontact brushing
for the first time [25]. At 4 mm, biofilm expansion
amounted to approximately 86 % using a side-to-side tooth-
brush and to 29 % by a multidimensional toothbrush. At
6 mm, biofilms were expanded by 43 % using another side-
to-side toothbrush. Other tested powered toothbrushes
yielded biofilm removal between 30 and 40 % at a 6-mm
distance [25].
The reduction of biofilm by noncontact brushing seems
to be dependent on the types of bacteria constituting the
biofilm [48, 49]. Removal of S. mutans and S. salivarius
monospecies biofilms amounted to 41 and 30 %, respective-
ly. In contrast, monospecies biofilms of L. acidophilus and
V. alcalescens were not significantly reduced [48]. More-
over, biofilm removal differed among the sequences of
inoculated bacteria [49]. Verkaik et al. compared the effect
of noncontact brushing on monospecies, dual-species, and
multispecies biofilms [50]. At a distance of 2 mm and after
20 s of exposure, monospecies biofilms of A. naeslundii
(T14V) showed the least removal investigating both side-to-
side and multidimensional toothbrushes. In contrast, mono-
species biofilms of S. mutans were completely removed by
handling of the flow chamber. The greatest differences
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between side-to-side and multidimensional toothbrushes
were observed for multispecies biofilms with side-to-side
action showing more biofilm removal [50].
The state of immersion of the substratum and the bristles
did not affect the percentage of biofilm removal [46, 49].
Biofilms with a thin liquid film were removed by a wetted
toothbrush comparable with an immersed toothbrush. A
completely dry powered toothbrush, however, removed sig-
nificantly less bacteria.
Toothbrush efficacy: viability of biofilm-associated bacter-
ia Studies using live/dead staining of biofilms reported no
differences in the distribution of live and dead cells in tests
and controls [27, 44]. The percentage viability of biofilms
was 84 % before and 82 % after brushing [25].
Hydrodynamic phenomena A few studies examined the pres-
ence of hydrodynamic phenomena to explain biofilm removal
by noncontact brushing. Adams et al. visualized the move-
ment of fluid and air bubbles by means of a CCD camera [27].
They observed multiple air bubbles traveling through the
interproximal area and calculated the velocity of air bubbles
and the corresponding shear forces. The velocity of bubbles
and the extent of shear forces did not differ significantly
between side-to-side and multidimensional toothbrushes de-
spite different biofilm removal efficacies. Using a digital time-
lapse microscope, Heersink et al. also described fluid turbu-
lences in which air bubbles were seen [44].
The importance of fluid, either in terms of fluid or even
just as droplets, was emphasized by Busscher et al. when
comparing the efficacy of completely dry, wetted and im-
mersed toothbrushes [46]. Busscher et al. further analyzed
the energy transfer by acoustic pressure waves and correlat-
ed it to powered toothbrushes [25].
Discussion
The aim of the present review was to analyze the efficacy of
powered toothbrushes in noncontact brushing. A total of 16
publications were included from the electronic search of the
MEDLINE database and from a further manual search. Data
were exclusively collected from in vitro studies.
Included studies were analyzed with regard to the tech-
nical and microbial aspects of the applied methods as well as
in terms of quantitative biofilm removal, the viability of
biofilm-associated bacteria and hydrodynamic phenomena.
The mode of action of powered toothbrushes was defined
in two recent systematic reviews [17, 18]. A consensus
exists that toothbrushes with side-to-side, multidimensional,
and ultrasonic action enable biofilm removal by noncontact
brushing although biofilms were not completely eliminated
from surfaces [25, 27, 28, 37, 39–50]. Biofilm reduction
was more pronounced by side-to-side toothbrushes than by
multidimensional action [27, 40, 41, 43, 47, 49, 50]. How-
ever, an extrapolation of these findings to powered tooth-
brushes not analyzed in this review should be undertaken
with care. A shift in the distribution of live and dead bacteria
after noncontact brushing was not observed. The interplay
of hydrodynamic action, passing air bubbles and acoustic
energy transfer was associated with biofilm removal.
Therapy of periodontal diseases and the establishment of
periodontal health in the long term require well-performed
dental plaque removal by the patient on a daily basis.
Noncompliance with oral hygiene measures, in particular
with difficult to access areas, such as the interdental area,
however, is observed frequently [10, 14]. If powered tooth-
brushes are able to remove biofilms efficiently without
bristle contact, they would probably simplify and conse-
quently improve self-performed oral hygiene. However, up
to now there is no proof that this will work in a clinical
situation, as well.
When comparing the in vitro data from the included
studies, differences in brushing protocols and biofilm for-
mation need to be considered:
1. An important parameter is the strength of the in vitro
biofilm. The adhesiveness of biofilms depends on the
physical properties of the surface, such as roughness
[51]. Irregularities of the tooth structure in terms of
fissures and pits increase bacterial colonization and
offer protection from shear forces. When using artificial
substrates, such as glass and quartz [27, 46], the exper-
imental results may be biased. The adhesion of salivary
pellicle constituents and subsequently of adherent bac-
teria is presumably less than on tooth structures. Irre-
spective of physical and chemical differences with
respect to enamel, titanium sections imitate implant
surfaces [45]. The adhesiveness and thus the strength
of biofilms is further dependent on the acquired salivary
pellicle providing receptors for bacterial binding [52]. It
is suggested that the strength of biofilms is less severe in
methods evaluated without saliva for pellicle formation.
2. Bacteria have been identified adhering as early colonizers
to tooth surfaces and preceding the attachment of late
colonizers [53]. Both Actinomyces and Streptococcus spe-
cies are considered to be early colonizers [54]. Using
these bacteria in in vitro biofilms, adhesion to the salivary
pellicle can be expected [25, 50]. Gram-negative bacteria,
such as P. gingivalis, become more prominent in the
biofilm at a later stage. They prefer receptors on other
oral bacteria forming coaggregates to those of the salivary
pellicle. This finding needs to be considered when using
these bacteria in in vitro monospecies biofilms [48].
3. In addition to adhesiveness, which depends on the substra-
tum, the acquired pellicle and early microbial colonizers,
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the strength of oral biofilms depends also on cohesiveness
[55]. Several factors may affect cohesiveness: bacteria
involved in biofilm formation, the presence of exopolysac-
charides and environmental factors such as hydrodynamics
and nutrient concentration. Bacteria increase the strength of
a biofilm by coaggregation to a defined set of partners.
Using A. naeslundii and S. oralis in dual-species biofilms,
coaggregation of these bacteria is expected [56]. Coaggre-
gation of bacteria is also assumed in ex vivo biofilms
derived from human whole saliva [40–43, 47] as well as
in in vivo biofilms [37, 39].
4. The presence of exopolysaccharides strengthens the
biofilm [55, 57]. The amount of exopolysaccharides
rises with increasing time and nutrient concentration.
Accordingly, the adhesion and growth curves of bacteria
in biofilm model systems need to be considered.
5. Hydrodynamic conditions during growth influence bio-
film strength. Increased hydrodynamic shear decreased
the biofilm strength and changed the architecture from
uniform carpet like to more fluffy with increased thick-
ness [57]. Some model biofilm systems considered the
impact of hydrodynamics. The parallel-plate flow cham-
ber allows for the circulation of bacteria and nutrients
by means of hydrodynamic pressure at a wall shear rate
corresponding to physiological conditions [25, 46, 49].
Whereas adhesion of bacteria in a drip-flow reactor
system occurs statically, nutrients subsequently flow
during a 48-h growth period [27, 44]. In contrast, the
strength of biofilms grown in static systems without
shear differ significantly from that observed in natural
intraoral biofilms [50, 58].
6. Brushing protocols as well as toothbrush apparatuses
differed among the in vitro studies included. Basically,
toothbrushes can be mounted either without any bristle
contact to a solid surface or in an interproximal model
with bristle contact with artificial teeth. Evidence exists
that bristle load influences the deformation of bristles as
well as the efficacy of brushing [32, 59]. Moreover, in
interproximal models, the fluid is impelled into the
interproximal space, generating high shear forces [25].
Without this narrow set-up, fluid and energy transfer
would spread across a larger area and in several direc-
tions. It is suggested that these arrangements affect
biofilm removal in interdental spaces [25].
7. Most liquids used to transfer hydrodynamic phenome-
na, such as phosphate-buffered saline, show lower vis-
cosities and lower colloid content than the mix of saliva,
toothpaste and water in vivo. The addition of artificial or
human saliva, however, reflects the salivary component
[28, 40–43, 47], whereas supplementation with tooth-
paste imitates the dentifrice slurry [28, 40–43]. It is
suggested that different liquid viscosities and volumes
influence the bristle velocity, the fluid flow, the
formation of air bubbles and the shear forces [59].
Otherwise, the use of toothpaste in brushing protocols
would probably distort toothbrush efficacy by affecting
the chemical antibacterial efficacy [60]
8. The time spent for an oral hygiene session is on average
2 to 3 min [61, 62]. This means that the time available
for cleaning a tooth surface interproximal space
amounts to 4 to 6 s (2 min0120 s, 120 s/28 teeth0
4.28 s; 3 min0180 s, 180 s/28 teeth06.43 s). Therefore,
exposure times of 5 s seem to be realistic and compara-
ble to in vivo brushing times [40–43]. Exposure of the
biofilm during a period of 20 s, however, would imply
an overall brushing time far from clinical reality that
may be of less clinical relevance.
To what extent the mechanisms of hydrodynamic action,
passing air–liquid interfaces, and acoustic energy transfer
contribute to the noncontact biofilm removal by powered
toothbrushes was not separately investigated.
Hydrodynamic fluid shear forces were estimated by
Adams and coworkers to amount approximately 0.9 Pa for
the side-to-side toothbrush and 0.5 Pa for the multidimen-
sional toothbrush [27]. In an aqueous solution, these values
would correspond to fluid shear rates of about 0.9 and
0.5 s−1. For bacterial detachment from surfaces, however,
shear rates of at least more than 10,000 s−1 due to increased
fluid flow were suggested to be essential. The efficacy of the
hydrodynamic forces in bacterial reduction depends on the
cell surface hydrophobicity of bacteria [19]. The transition
of a laminar in a turbulent fluid flow generally results in an
increase of shear forces [20]. Bristle motion may cause
turbulences as described by Heersink and coworkers and
thus shear rates are possibly high enough to stimulate mi-
crobial detachment [44].
The amount of entrapped air bubbles increases propor-
tional to the fluid flow [19]. To remove bacteria from a
surface the formation of a three-phase boundary between
air bubbles, fluid and bacteria is required. Thus, surface
tension forces become effective exceeding hydrodynamic
shear forces by several orders of magnitude. The efficacy
of bacterial detachment is influenced by the amount of gas
in the fluid, the velocity and the diameter of the bubbles
[22–24]. The visualization of air bubbles in the included
studies supports the concept that powered toothbrushes in-
volve passing air–liquid interfaces in biofilm removal al-
though the proportion in detachment forces was not
evaluated [27, 44].
In addition, the vibration of toothbrush bristles may en-
able acoustic energy transfer. The energy transfer to the
biofilm is thought to depend on the frequency and amplitude
applied [25]. The formation of oscillatory fluid motions and
pressure waves may generate additional shear forces on the
bacteria. Furthermore, the oscillation of entrapped air
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bubbles is suggested to enhance shear forces by micro-
streaming and cavitation effects [26]. The extent to which
the acoustic energy created by powered toothbrushes con-
tributes to biofilm reduction, however, is unclear.
There may be a more complex interaction if there is
intermittent tooth contact resulting in contact and noncon-
tact biofilm removal. For clarity, the present review referred
exclusively to noncontact biofilm removal.
Directions for further research
The data from this review are promising and suggest the
possibility of noncontact biofilm removal by the tooth-
brushes analyzed. However, for future research the follow-
ing parameter may be considered.
The use of
1. Multispecies biofilm models
2. A flow chamber model
3. Saliva for pellicle formation on a suitable substratum
4. An adjustable toothbrush apparatus, in terms of bristle
angulation, distance, and load
5. Clinically relevant brushing protocols, in terms of
brushing time, brushing distance, and liquid brushing
environment.
Noncontact brushing may have the potential to improve
oral hygiene in difficult to access areas, as up to now the
clinical effectiveness of different types of powered tooth-
brushes does not correlate with the results of their respective
noncontact biofilm removal capacities in vitro [18]. This
conflict needs to be addressed in an appropriate clinical
setting. Recently, a review provided a methodological guid-
ance for randomized clinical trials comparing different
toothbrushing modes [63]. The authors concluded that fu-
ture clinical studies may require a longer follow-up, a stan-
dardization of indices and clinical relevant thresholds for
differences in plaque and gingival health.
Conclusions
In conclusion, a great heterogeneity in microbial parameter,
biofilm formation, and/or brushing protocols exist among
the studies included in the review. However, noncontact
biofilm removal by powered toothbrushes was a frequent
finding. The results of this review can only be applied to the
toothbrushes actually tested. Detachment forces, including
shear forces, air bubbles interactions, and acoustic energy
transfer are suggested to cause noncontact biofilm removal
in vitro. Moreover, the clinical gain of noncontact biofilm
removal is still unknown. There is no clinical study avail-
able, evaluating the extent of noncontact brushing to the
observed superiority of powered over manual toothbrushing
in terms of plaque reduction. In vitro data should not be
translated to the clinical situation.
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